In our current work, AZ31 magnesium alloy foams with closed-cell were successfully fabricated by melt foaming method using Ca and CaCO 3 as thickening and blowing agent, respectively. The influences of porosity and pore size on the quasi-static compressive properties of the foams were systematically investigated. The results showed that the yield strength, energy absorption capacity and ideality energy absorption efficiency were decreased with the increase in porosity. However, specimens with porosities of 60%, 65% and 70% possessed similar total energy absorption capacity and ideality energy absorption efficiency. Meanwhile, experimental results showed that mean plateau strength of the foams was increased first and then decreased with increase in mean pore size. In addition, energy absorption capacities were almost the same in the initial stage, while the differences were obvious in the middle stage. From the engineering point of view, the specimens with mean pore size of 1.5 mm possess good combination of mean plateau strength and energy absorption characteristics under the present conditions.
Introduction
Recently, metallic foams (especially for Mg/Mg alloy foams) have attracted more and more attention, as they can be used as structural and functional materials due to their unique properties [1e3] . Several methods have been used to fabricate cellular magnesium foams [1,4e8] . In past, D.H. Yang et al. [9] have investigated Foaming mechanism of CaCO 3 in magnesium foam. Later D.H. Yang et al. [8] studied Quasistatic compressive properties of closed-cell magnesium foams. The influence of porosities on the Young's modulus and strength of open cell magnesium foam was also investigated under quasi-static compression tests by C.E. Wen et al. [10] , where they claimed that Young's modulus increases with decreasing porosities. Recently the effects of cell size on quasi-static compressive properties of magnesium alloy foams were investigated from the points of plateau stress, stress drop ratio and the results showed that smaller cell size was beneficial to getting stable compressive process [11] . The metal foams have been extensively used in energy absorption fields. However, the effect of porosity and pore size on the energy absorption characteristics of magnesium alloy foam have hardly been studied and further study is needed for its engineering applications. The aim of the present study is to investigate the effect of porosity and pore size on the energy absorption characteristics of closed-cell AZ31 magnesium alloy foams.
Materials and experiments
Melt foaming method was applied to prepare AZ31 magnesium alloy foams. The main procedures were as follows: melting certain quantity (w1 kg) of raw material to a fixed temperature (720 AE 5 C); adding 2 wt% thickening and 2 wt % blowing agent to the melt accompanied by stirring; holding for some time and then cooling the foam in the air. In the present experiment, commercial AZ31 magnesium alloy ingots with the compositions shown in Table 1 were used as matrix material. Calcium granules (commercial pure, with diameters of 1e2.5 mm) were used as thickening agent. Whereas, CaCO 3 powders (analytically pure, with diameters about 44 mm) were used as foaming agent.
For all specimens used in present study, the thickening and foaming temperature were consistent. By taking equal percentage of thickening and foaming agent, different holding times were applied to obtain different pore sizes and porosities. CO 2 and SF 6 (with the volume ratio of 100:1) were used to protect Mg alloy from being ignited during the whole procedures.
Specimens were sectioned by electro-discharging machine into the size of 30 Â 30 Â 30 mm to avoid size effect. The density and porosity were measured by mass and dimensions of specimen. Analytical balance with the precision of 0.0001 g and electron caliper were used for weighting and accurate dimension measurement, respectively. Mean pore sizes of foams were determined by software analysis. Namely, dying the cross-section of a sample to become black using chemical staining method and then polishing the cross-sectional surface were used for determining the pore size. After polishing treatment, the surfaces of samples were converted into white and black, in which the black denotes the pore while the white denotes the cell wall. Then the images of polished samples were recorded by using a digital camera. The pore diameter could be obtained using commercial Image 6.0 software. Extrapolation method was applied to determine the densification strain.
SUNS Electron Universal Material Testing Machine (SHT5305), with a maximum load of 300 kN, was employed for compression test. Uniaxial quasi-static compression test with initial strain rate of 0.001/s (1.5 mm/min) was conducted at room temperature. The first peak of the deformation curve was used as yield strength (defined as high yield point stress). Vaseline was used to minimize the friction between specimen and plates. Displacement control was used to manage the compression test. Load and displacement were recorded automatically by a computer. Stress (s) and strain ( 3) were calculated from the load and displacement. For each test parameters, three specimens were compressed and the average data were used. Fig. 1 shows a typical section structure of AZ31 magnesium alloy foam fabricated by melt foaming method. It is clear that the pore structures are homogeneous and the pores are spherical and closed-cell. The porosity of magnesium alloy foams obtained using this method can be varied in the range of 50e80%. The average pore size varies between 1 and 3.5 mm, and it changes with the content of blowing agent, foaming temperature and holding time. Specimens with different porosities and mean pore size were cut from the corresponding sections.
Results and discussion

AZ31 magnesium alloy foam
The stressestrain curve
Quasi-static compressive stressestrain curves of AZ31 magnesium alloy foams with uniform porosity (60%) and dimensions (30 Â 30 Â 30 mm), but different pore sizes (1.2, 1.5, 1.8, 2.0 mm) and different porosities of 60%, 65%, 70% and 75% (mean pore sizes about 2.0 mm) are shown in Fig. 2a and b. In all cases, the stressestrain curves consist of three stages, which are typical characteristic of metal foams: linear deformation stage (I) where stress increases linearly with strain increasing until the upper yield point; plateau stage (II) where the flow stress, with some serrations, changes little with the strain increasing; densification stage (III) where stress increases steeply with the strain increasing slightly. Plateau strength is an important aspect to evaluate the energy absorption characteristics of the foam. In the present paper, the plateau strength, defined as mean stress between the strain of (0.1e0.5), was applied to evaluate the energy absorption characteristics. As shown in Fig. 3a , the plateau strength first increases and then decreases with mean pore size increasing, which is consistent with the results showed in Ref. [11] . As we can see that the mean plateau stress increased from about 19 MPa to nearly 20 MPa when pore size changed from 1.2 mm to 1.5 mm, then decreased linearly with pore size increasing. In order to keep the porosity, as the pore size decreases, the number of pores become larger resulting in smaller cell edge thickness. For the specimen with pore size of 1.2 mm, the cell edges may too small to supply sufficient melt, which will impair the mechanical properties significantly. Therefore, the plateau strength decreases [12] . With regard to the 1.8 and 2.0 mm specimens, larger pore size will cause inhomogeneous of density in the foams [13] , which causes lower plateau strength. Gibson and Ashby [14] analyzed the yield strength of a porous metal using a simple model and noted that the collapse stress is not affected by pore size. In the present study, the yield strength (defined as the stress at upper yield point) for the specimens with the mean pore size of 1.2, 1.5, 1.8 and 2.0 mm are 23.31, 19.41, 19.08 and 19.04 MPa, respectively, which means the yield strength is much higher for the specimen with the mean pore size of 1.2 mm compared with the other specimens. It is interesting that the yield strength for 1.5, 1.8 and 2.0 mm specimens are almost the same, which is consistent with the result of Gibson and Ashby [14] , and further research is required to investigate the influence of larger pore size on the yield strength of closed cell AZ31 magnesium alloy foam. From Fig. 2(b) , it can be seen that the plateau strength decreases with increase in porosities, which is characteristic behavior of metallic foams. The yield strength for porosities of 60%, 65%, 70% and 75% are 20.55, 16.98, 13.45 and 2.26 Mpa, respectively, as shown in Fig. 3(b) .
Energy absorption characteristics
Up to now, metal foams are mainly used in energy absorption fields. Energy absorption capacity, ideality energy absorption efficiency and energy absorption efficiency are three important aspects to evaluate the properties of metal foam. In this paper they were calculated according to Eq. (1 where W is the energy absorption capacity, s is the stress where the stain is 3.I is the ideality energy absorption efficiency, E is the energy absorption efficiency, s m is the stress where the strain is 3 m . As shown in Fig. 4 , in all cases energy absorption capacity increases with strain increasing. From  Fig. 4a , at initial stage the energy absorbed is almost the same for all the specimens. While in the middle stage the difference becomes obvious: the energies absorbed for specimens with pore size of 1.2, 1.5, 1.8 and 2.0 mm are 17.99, 21.79, 20.59 and 19.36 Mj/m 3 when the strain is 0.4, respectively. It can be seen that the variation tendency of the energy absorption capacity in the middle stage is corresponding to the mean plateau strength as shown in Fig. 3a . As shown in Fig. 2 , the 1.2 mm specimens possess higher yield strength, and larger linear deformation stage, but lower mean plateau strength, and the energy absorption capacity in the middle stage is the lowest. The other three specimens possess almost identical yield strength and linear deformation stage but different mean plateau strength, indicating that the mean plateau strength has a dominant effect on energy absorption capacity.
In the present paper, total energy absorption capacity was defined as the energy absorbed when the strain reaches to the densification strain. As shown in Fig. 4a , the total energy absorption capacity for specimens with pore size of 1.2 mm was 10.90 Mj/m 3 with the densification strain of 0.59. While for specimens with mean pore size of 1.5, 1.8 and 2.0 mm, the total energy absorption capacities are: 12.02 Mj/m 3 with the densification strain of 0.60, 10.36 Mj/m 3 with the densification strain of 0.57, 10.28 Mj/m 3 with the densification strain of 0.58, respectively. It is indicated that pore sizes have weak influence on the densification strain, which is consistent with the results in Ref. [11] . It is interesting that the variation tendency of the total energy absorption capacity is coincided with the mean plateau strength as shown in Fig. 3a , which demonstrates the mean plateau strength has a deep effect on the energy absorption capacity. From Fig. 4a , it can be seen that the energy absorption capacity is still increasing when strain exceeds the densification strain, which means in densification stage foams can also absorb compressive energy. It is noted that the total energy absorption capacities for specimens with mean pore sizes of 1.2, 1.8 and 2.0 mm are almost the same, which are lower than specimen with pore size of 1.5 mm, this may be related to a change in aspect ratio of the wall thickness against the edge length [17, 18] . Specimens with mean pore size of 1.5 mm may possess the best aspect ratio and good combination of pore numbers and homogeneous density, which resulting in good energy absorption capacity under the present conditions. Fig. 4b shows the effect of porosity on energy absorption capacities of AZ31 magnesium foams. It is indicated that in all cases the energy absorption capacity increases with the strain increasing, in the initial stage (with the strain to about 0.05) the energy absorption capacities are almost the same for all samples. While when the strain exceeds 0.05, the differences are distinct, the energy absorption capacities decreased with porosity increasing, which is due to the samples with the lower porosities possess higher yield strengths and compressive strength in the plateau stage as shown in Figs. 2(b) and 3(b) . The total energy absorption capacity (defined as the energy absorbed when strain reaches the densification strain) for specimens with the porosities of 60%, 65% and 70% is approximately the same, which are much larger than specimens with porosity of 75%, this is a consequence of the specimens with higher porosities have longer plateau regions as shown in Fig. 2b . The samples with porosity of 75% though having the longest plateau region, possess the lowest yield strength and compressive strength in the plateau region as shown in Figs. 2b and 3b , resulting in the lowest total energy absorption capacity.
It is indicated from Fig. 5 that in all cases the ideality energy absorption efficiency consist of three stages: fast rising stage (I) where the ideality energy absorption efficiency increases monotonously to high efficiency point as strain increasing; sustained stage (II, starting from the high efficiency point) where the ideality energy absorption efficiency mainly keep in high efficiency level, but some fluctuations occurred as strain changing and attenuating stage (III, starting from the attenuating point) where the ideality energy absorption efficiency decreases with strain increasing. As shown in respectively. Specimens with pore size of 1.2 mm possess the highest mean ideality energy absorption efficiency and longest sustained stage length. However, the fluctuation in the sustain stage is the largest, which means the compressive process is instable. Though specimen with mean pore size of 1.5 mm has lowest ideality energy absorption efficiency, the fluctuation of the efficiency in the sustain stage is the smallest, which contributes to the application in engineering field. Fig. 5b shows that the mean ideality energy absorption efficiency decreases with the porosities increasing in the fluctuating stage: samples with the porosity of 75% possess the mean ideality energy absorption efficiency around 0.7 in the fluctuating stage. While the values are 0.82, 0.87 and 0.89 for samples with porosities of 70%, 65% and 60% respectively. The 75%, 65% and 60% specimens reach to the high efficiency points with strain about 0.1 with the efficiencies around 0.77, while for the 70% specimens the strain is about 0.15 with the efficiency around 0.85 as shown in Fig. 5b . Fig. 6 shows the relation between energy absorption efficiency versus strain for specimens with different pore size and porosities. In all cases energy absorption efficiency increases with strain increasing and then decreases. Fig. 6a shows that the tendency for all the curves are almost the same before strain reaches 0.35, when exceeding 0.35, the variation tendency for 1.5, 1.8 and 2.0 mm specimens are coincident, but lower than the 1.2 mm specimens. The highest energy absorption efficiency for specimens with mean pore size of 1.2 mm is 0.505 with the strain around 0.51, for specimens with mean pore size of 1.5, 1.8 and 2.0 mm, the highest energy absorption efficiencies are: 0.473 with strain around 0.56, o.413 with strain about 0.57, and 0.420 with strain about 0.45, respectively, Which means that the energy absorption efficiency decreases with the mean pore size increasing. While as described above the densification strain for specimens with the pore sizes of 1.2, 1.5, 1.8 and 2.0 mm are around 0.59, 0.60, 0.57 and 0.58, respectively, which means that all the specimens tested in the present experiment reach to the highest energy absorption efficiency before specimens were compacted.
It is indicated from Fig. 6b that the trend of the curves for the specimens with porosities of 60%, 65% and 70% is almost the same, while for samples with porosity of 75%, the values are smaller than the other three when the strain exceeds 0.15. The 75% specimens reach the highest energy absorption efficiency (0.29) with the strain around 0.52. For the 70%, 65% and 60% specimens the efficiencies are 0.39 with the strain around 0.54, 0.41with the strain around 0.57 and 0.44 with the strain around 0.56, respectively. It is suggested that porosity has an important effect on the energy absorption characteristics. 
Conclusions
The effect of pore size and porosity on compressive properties of closed-cell AZ31 magnesium alloy foam was investigated and the results are as follows:
(1) Mean plateau strength increases first and then decreases as the mean pore size increasing. Specimens with mean pore size of 1.5 mm possess the highest plateau strength under present conditions. (2) Energy absorption capacities for specimens with different pore size are almost the same in the initial stage, while the differences in the middle stage are obvious. The total energy absorption capacities are approximately the same for the 1.2, 1.8 and 2.0 mm specimens, but much lower than the 1.5 mm specimens. (3) Specimen with mean pore size of 1.5 mm possesses good combination of mean plateau strength, energy absorption capacity and ideality energy absorption efficiency in the view of engineering application. (4) The yield strengths for specimens with porosities of 60%, 65%, 70% and 75% are 20.55, 16.98, 13.45 and 2.26 Mpa, respectively. Energy absorption capacities and ideality energy absorption efficiencies decrease with porosities increasing.
